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Introduction
In recent decades, the use of 'legal high' designer stimulants has escalated dramatically in the western world (Spiller et al., 2011; Rosenbaum et al., 2012) . Concomitant with this escalated use has been an unprecedented increase in the variety of these substances now available in drug markets (Rosenbaum et al., 2012) . Furthermore, experts predict that many more designer stimulants (i.e. multiple generations) are likely to emerge as replacements once popular (i.e. older generation) analogues are banned by regulatory agencies, a pattern that has already been reported (Brandt et al., 2010 ; Drug Enforcement Administration, United States Department of Justice, 2013; Baumann et al., 2013b) . Designer stimulants have led to numerous published reports of bizarre and violent behavior, toxicity, and death (for reviews see Spiller et al., 2011; Rosenbaum et al., 2012) , forcing regulatory agencies such as the United States Drug Enforcement Administration (USDEA) to institute emergency bans citing serious hazards to public health and safety (Drug Enforcement Administration, United States Department of Justice, 2002 Justice, , 2011a . Given these trends, the scientific study of designer stimulant abuse/addiction liability is of the utmost importance for (a) providing evidence-based information to healthcare experts charged with treating abusers of designer stimulants, (b) guiding government agencies responsible for regulating these substances, and (c) informing the public about the potential risks of abuse of and dependence on these drugs. Although the scientific evaluation of novel designer stimulant abuse liability is still in its infancy and continues to try to keep pace with the ever-increasing variety of designer stimulants, recently a small body of the literature has emerged providing an evidence-based estimation of abuse/addiction liability of these substances in relation to each other and the prototypical illicit stimulants they are designed to mimic. These new data have been obtained largely from behaviorally based procedures using animal subjects. These include the widely used paradigms of intravenous self-administration (IVSA), conditioned place preference (CPP), intracranial self-stimulation (ICSS), and drug discrimination. Each of these established procedures measures somewhat distinct drug effects (e.g. reinforcing, appetitive conditioning, or interoceptive effects) and together they can provide a solid foundation for inferring abuse liability. Finally, we discuss findings from these studies to (a) estimate the abuse liability of these novel stimulants relative to traditional illicit stimulants and each other, (b) recommend and/or support regulatory status and (c) suggest future research directions.
Historical overview
The recent waves of designer stimulant use began primarily in the late 1990s to mid-2000s following an increase in government bans on phenylethylamine-based drugs such as methamphetamine and 3,4-methylenedioxymethamphetamine (MDMA) (Elliott, 2011) . The first Starting in the mid-to-late 2000s, another drug class known as synthetic cathinones emerged as stimulants of abuse, largely replacing the banned piperazine derivatives mentioned above. Synthetic cathinones are derivatives of cathinone, the primary naturally occurring amphetaminelike alkaloid found in Catha edulis (Khat) (Kalix and Khan, 1984) . It was not until 1975 that cathinone was determined to be the main active ingredient of Khat, but the practices of chewing or brewing tea with Khat leaves to extract cathinone dates back centuries in the Horn of Africa and Arabian Peninsula (Manghi et al., 2009) . Also, while not a member of the recent synthetic cathinone drug wave, methcathinone (N-methylcathinone, b-keto-methamphetamine, ephedrone) was the first synthetic derivative of cathinone to emerge and was initially developed and used an as antidepressant in Russia in the 1930s. Eventually, methcathinone became a drug of abuse in Russia in the 1970s and in the USA in the early 1990s (Kelly, 2011) . Both cathinone and methcathinone are schedule I controlled substances in the USA (Drug Enforcement Administration, United States Department of Justice, 2012a). The most recent waves of synthetic cathinones have been predominantly marketed (and are generally referred to) as 'bath salts', however they are falsely marketed as many other commercial products such as 'plant food', 'insect repellent', 'stain removers', or 'research chemicals'. These false products are sold under many different brand names and are usually labeled 'not for human consumption' or 'for research purposes only' in an attempt to circumvent government controls (Spiller et al., 2011; Madras, 2012) . As with the piperazines, synthetic cathinones are intended to be used as 'legal high' alternatives to illicit stimulants such as cocaine and amphetamines, to the latter of which they share a similar chemical structure (Hillebrand et al., 2010; Prosser and Nelson, 2011; Vardakou et al., 2011; Coppola and Mondola, 2012) . Like piperazines, synthetic cathinones are usually found in tablets, capsules, or powders, and can be ingested through swallowing, smoking, injecting, snorting, or rectally administering the drug (Rosenbaum et al., 2012) . Desired effects include increases in energy, libido, empathy, euphoria, alertness, openness, and well-being (Prosser and Nelson, 2011) . However, adverse effects can include confusion, agitation, sleep deprivation, hypertension, tachycardia, hyperthermia, headache, dizziness, anxiety, appetite suppression, persistent psychosis, aggression, organ toxicity, seizure, and death (Prosser and Nelson, 2011; Spiller et al., 2011; Fass et al., 2012; Mas-Morey et al., 2012) . Synthetic cathinones have emerged rapidly in drug markets, stemming largely from their widespread sale over the Internet and in adult novelty stores, gas stations, tobacco stores, and head shops (National Drug Intelligence Center, United States Department of Justice, 2011). In 2011, the USDEA published a call for information on the most common synthetic cathinones found on US drug markets (Drug Enforcement Administration, United States Department of Justice, 2011b); these included mephedrone , MDPV (3,4-methylenedioxypyrovalerone), methylone (3,4-methylenedioxymethcathinone, MDMC), naphyrone (naphthylpyrovalerone, NRG-1), 4-fluoromethcathinone (4-FMC, flephedrone), 3-fluoromethcathinone (3-FMC), methedrone (4-methoxymethcathinone, bk-PMMA, PMMC), and butylone (bk-MBDB, b-keto-Nmethylbenzodioxolylpropylamine). Of these, MDPV, mephedrone, and methylone, representing B98% of all synthetic cathinones encountered by law enforcement agencies (Drug Enforcement Administration, United States Department of Justice, 2011c) and referred to as first-generation 'bath salts' (Shanks et al., 2012) , were temporarily classified as schedule I controlled substances in 2011 in the USA (Drug Enforcement Administration, United States Department of Justice, 2011a). In 2012, MDPV and mephedrone were permanently classified as schedule I controlled substances in the USA (One Hundred Twelfth Congress of the United States of America, 2012), while the temporary schedule I classification of methylone was extended until April 2013 to allow further information to be gathered (Drug Enforcement Administration, United States Department of Justice, 2012b). Most recently, the DEA published a new request for information regarding newer 'second-generation' synthetic cathinones including 4-methyl-N-ethylcathinone (4-MEC), 4-methylpyrrolidinopropiophenone (4-MePPP), a-pyrrolidinopentiophenone (a-PVP), 2-(methylamino)-1-phenylpentan-1-one (pentedrone), b-keto-methylbenzodioxolypentanamine (pentylone), and 4-fluoro-N-methylcathinone (4-FMC, flephedrone) (Drug Enforcement Administration, United States Department of Justice, 2013).
Before reviewing the behavioral procedures used to assess abuse liability in animals, it is important to briefly discuss scheduling status in the USA. The USDEA designates schedule I substances as having no accepted medical value and a high potential for abuse or addiction. Schedules II-V on the other hand, designate controlled substances with progressively increased medical value with progressively reduced abuse/addiction risk. The US Department of Health and Human Services utilizes data from animal, human, and epidemiological studies in determining the abuse liability of a particular drug; thus, the studies reviewed here should be considered for future regulatory decisions made by the governmental agencies of the USA and other countries (O'Connor et al., 2011) .
Behavioral procedures for the assessment of abuse liability Intravenous self-administration IVSA is the most widely used behavioral procedure in preclinical addiction research and is arguably the 'gold standard' for evaluating the abuse potential of chemical compounds (Panlilio, 2011) . The IVSA model has high predictive validity and years of extensive research have shown that in controlled laboratory settings, nondependent drug-naive animals will self-administer drugs in patterns similar to those of human drug addicts (Schuster and Thompson, 1969; Yokel and Pickens, 1973; Collins et al., 1983; Gardner, 2010; O'Connor et al., 2011) . Generally, drugs that are not typically abused in humans are also not readily self-administered by animals (Griffiths et al., 1979; Collins et al., 1983) .
The following overview of IVSA methods is intended to briefly discuss only the most common task parameters used to date to assess abuse liability of the designer stimulants reviewed in this article. Thus, it does not present all the possible variations of the IVSA procedure with regard to apparatus, schedule of reinforcement, subject species, or other task parameters [For more detailed reviews of IVSA procedures, see: O'Brien and Gardner (2005) , SanchisSegura and Spanagel (2006) , Panlilio and Goldberg (2007) , Thomsen and Caine (2007) , Howell and Fantegrossi (2009), Panlilio (2011) ]. The basic IVSA procedure starts by implanting rats, mice, or nonhuman primates with indwelling intravenous catheters in either the femoral or jugular veins and attaching the other end to a vascular access port either secured to the head or implanted under the skin on back of the animal (Sanchis- Segura and Spanagel, 2006; Panlilio, 2011) . IVSA sessions are conducted in operant chambers that are equipped with response manipulanda. One common procedure involves an apparatus which contains multiple response manipulanda such that responses on one manipulandum produces drug infusions (i.e. 'active' responses) on a predetermined reinforcement schedule (see below), whereas responses made on the second manipulandum (i.e. 'inactive' responses) produces no programmed consequences. Although a multiple manipulanda procedure is common, it is not universal and other procedures such as single manipulanda or chained responses to access the active manipulanda have been used (Sanchis-Segura and Spanagel, 2006) . Subjects are placed in a testing chamber and connected to drug infusion tubing through a vascular access port. A drug-filled syringe is placed in an infusion pump outside the chamber and is interfaced to a computer which controls drug infusions and stimuli presentations, and records responses. Drug infusions are typically accompanied by discrete cues such as a tone and/or the illumination of a stimulus light. During training subjects can either spontaneously acquire the operant response or it can be acquired using autoshaping, drug priming injections, or food training (Sanchis-Segura and Spanagel, 2006; Carroll and Meisch, 2011) .
IVSA studies can be conducted using various schedules of reinforcement; however simple fixed ratio (FR) and progressive ratio (PR; see below) schedules are the most routinely used (Sanchis-Segura and Spanagel, 2006) . The simplest FR schedule is continuous reinforcement (i.e. FR1), where each 'active' operant response yields an infusion of the drug while responses on other 'inactive' manipulanda, if used, have no programmed consequences. In the IVSA paradigm, to assert that a drug functions as a reinforcer, it is necessary and sufficient to establish that its presentation following a response increases the probability of that response in the future (Skinner, 1938) . In addition, a number of additional response patterns are also sometimes used to corroborate reinforcing effects of a drug, although their occurrence is not necessary nor sufficient (Meisch, 1987) . First, reinforcing effects are inferred if the drug elicits significantly more active responses than inactive responses across multiple experimental sessions. Second, responding maintained by the drug is significantly greater than responding that occurs when saline is substituted as the reinforcer. Third, if a wide range of doses is assessed, drug intake follows a clear dose-dependent pattern that typically (but not always) follows an inverted U-shaped curve (Carter and Griffiths, 2009; Panlilio, 2011) . Finally, if a novel drug substitutes for a known addictive drug such as methamphetamine or cocaine, this is also suggestive of reinforcing effects. Typically, with restricted Abuse liability of designer stimulants Watterson et al. 343 access (i.e. 'short' 1-3-h daily sessions), stimulant selfadministration will reach asymptotic stabilization after which animals will maintain a consistent daily level of drug self-administration (Meisch, 1987) .
Although most IVSA studies use restricted access, another increasingly popular manipulation to the standard IVSA is extended access, whereby daily IVSA sessions are extended to 6 h or more (Ahmed, 2012) . Typically, extended access sessions begin after stabilization of responding under restricted access conditions and maintain identical task parameters. The primary dependent measure is escalation of drug intake across experimental sessions, particularly increased overall drug intake and rate of intake, an effect not typically seen in restricted access sessions. Illicit stimulants that support compulsive use in humans (cocaine, methamphetamine, amphetamine) have all been shown to lead to escalated intake in extended access, whereas stimulants that typically only support episodic abuse patterns (MDMA) generally do not lead to robust escalated intake (Schenk et al., 2007; Schenk, 2009) . The evidence also suggests that extended access to some abused drugs can lead to patterns of responding reflective of diagnostic criteria for substance dependence in humans, including escalated drug intake, resistance to punishment and negative consequence, impaired inhibitory control over drug intake, preference of the drug over other nondrug reinforcers, and increased motivation to obtain or selfadminister the drug Koob, 1998, 1999; Koob et al., 2004; Ferrario et al., 2005; Knackstedt and Kalivas, 2007; O'dell et al., 2007; Ben-Shahar et al., 2008; Gipson and Bardo, 2009; Ahmed, 2010 Ahmed, , 2011 Ahmed, , 2012 .
In addition to basic FR schedules, the other most common schedule used in IVSA paradigms is the PR schedule (Richardson and Roberts, 1996; Stafford et al., 1998) in which a drug's 'reinforcing efficacy' is determined by the 'breakpoint' (Gardner, 2010) . Although PR schedules can differ between laboratories, the essential feature is an escalating reinforcer cost or behavioral demand; that is, the number of responses required to receive a drug infusion increases following each successive drug infusion. The breakpoint is often the primary dependent measure, and occurs when the animal ceases responding, presumably because of the behavioral demand for obtaining drug exceeding its reinforcing value. PR procedures are typically used after stable FR responding and can provide additional information beyond basic FR schedules such as the differential hierarchical reinforcing efficacy between different drugs, doses of the same drug, or the effects of other manipulations on motivation (Stafford et al., 1998) .
ICSS is a behavioral task in which an organism performs an operant (wheel turn, nose poke, or lever press) to receive a short pulse of reinforcing electrical current directly into a specific brain region through a chronically implanted electrode (Olds and Milner, 1954; Olds, 1962) . Here, rats quickly learn to respond to electrical stimulation directly into brain regions such as the medial forebrain bundle, although other regions such as the ventral tegmental area and lateral septum have also been used (Redgrave and Dean, 1981; Vlachou and Markou, 2011) . In ICSS procedures, the implanted electrode is tethered to a stimulation wire that is connected to an electrical stimulation box and interfaced with a computer that applies stimulation in accordance with the selected ICSS procedure. Across different protocols, stimulation parameters can vary in their intensity of the current delivered (mA), duration of pulses (ms), frequency of pulse as a function of pulse/interpulse interval, and waveform of pulses (Vlachou and Markou, 2011) . Although various ICSS procedures have been developed (Vlachou and Markou, 2011) , the two most extensively used in evaluating abuse liability are the rate-frequency curve-shift procedure (Carlezon and Chartoff, 2007) and the discrete-trial current threshold intensity procedure Markou and Koob, 1992 ).
In the curve-shift procedure, the electrical stimulation frequency (Hz) is varied, whereas the current intensity (mA), pulse width (duration of stimulation), and train duration parameters are kept constant. Once placed in the operant chamber, animals are tested in a series of short (1 min) trials, with the stimulant intensity varied across trials. During these trials, the animal receives five noncontingent (free) priming stimulations consisting of the stimulation frequency for the current trial. Following stimulation primes, the animal is given 50-60 s to respond for the identical stimulation train. After the responding phase, a time-out period is introduced in which no stimulation is available. During the time-out period, the pulse frequency is lowered, typically by a log unit of 0.05-0.1 Hz, for the subsequent short trial. Thus, the short trials are conducted across a series of ascending and descending trials in which pulse frequency is systematically altered across trials (Carlezon and Chartoff, 2007; Vlachou and Markou, 2011) . Based upon these trials, responding is averaged to generate a sigmoidal response rate-frequency threshold. This procedure is conducted daily until responding stabilizes to preset conditions. Although thresholds can be calculated based upon the frequency, intensity, pulse width, or train duration, the most widely used measures are the 'halfmaximum' (M50) or the Theta-O (T 0 ) (Miliaressis et al., 1986) . The M50 measure is defined as the minimum stimulation frequency necessary to maintain responding at 50% of the maximum rate. In the T 0 measure, thresholds are an estimate of the theoretical frequency at which stimulation becomes rewarding (responding >zero) to the animal (Carlezon and Chartoff, 2007 ).
In the discrete-trials current threshold procedure Markou and Koob, 1992; Lin et al., 1999; Vlachou and Markou, 2011) , following basic response acquisition, discrete-trial training begins where trials start with a free stimulation, followed by an inter trial interval (ITI) where responses yield no programmed consequences. After the ITI, responding yields stimulation identical to the previously received free stimulation. Once animals learn to inhibit responding during the ITI periods, baseline threshold training begins. Threshold procedures begin at a preset level of current intensity (e.g. 120 mA). Trials are conducted in blocks (three to five trials) and current intensity remains the same for the entire block. Following a free stimulation and subsequent ITI, animals can respond to receive an identical stimulation train as the free stimulation that began the trial. Responding on the majority of trials lowers the current intensity (e.g. 5 mA) for the next block of trials, whereas not responding on most trials increases the current intensity (e.g. 5 mA) for the next trial block. This titrating stimulation pattern goes through a series of two ascending and two descending current intensities. Across the two ascending and descending series, thresholds are calculated as the mean of mA between blocks that support or do not support responding. Following stability, drugs are administered before ICSS sessions and relative reductions from baseline thresholds are indicative of hedonic rewarding effects of the drug, whereas elevations are indicative of aversive effects. ICSS procedures have been used since the 1950s and have revealed that drugs that support compulsive abuse in humans, especially stimulants, all lower ICSS thresholds (Vlachou and Markou, 2011) .
Conditioned place preference
CPP is a widely used method of assessing conditioned drug effects. Historically the CPP paradigm has been used as a measure of drug 'reward' (i.e. positive hedonic value) (Tzschentke, 1998 (Tzschentke, , 2007 Bardo and Bevins, 2000; Cunningham et al., 2011; Huston et al., 2013) . However, Huston et al. (2013) recently challenged this notion and asserted that CPP assesses incentive-driven behavior related to secondary reinforcers, operant conditioning of behavior prevailing at the conditioning site, conditioned treatment effects, or combinations of these processes. Regardless, it can be generally asserted that CPP is a measure of drug conditioning, and in the context of designer stimulants we assert that it is a measure of the appetitive conditioning effects of these drugs. In the CPP paradigm, a drug [unconditioned stimulus (US)] is repeatedly paired with distinct environmental and contextual stimuli which, through pavlovian conditioning processes, acquire secondary rewarding properties (i.e. act as conditioned stimuli, or CS +) (Tzschentke, 1998) . CPP procedures generally have three phases; pretest baseline, conditioning, and test. During the pretest phase, subjects are allowed to freely roam among the two distinct environmental contexts (compartments) and to habituate to the novel CPP apparatus. Olfactory, visual and tactile stimuli typically differ across the two environmental contexts and preference for either context is measured by the time spent in each context. Most CPP studies use two-compartment or three-compartment apparatuses (Tzschentke, 1998) . Two-compartment apparatuses contain equally sized conditioning compartments separated by a wall (during conditioning) that is removed during pretest and test phases to allow movement across compartments. If a third 'start-box' compartment is used, it is typically smaller than and situated between the two conditioning chambers [For a discussion of the advantages and disadvantages of two-compartment and threecompartment apparatuses see Tzschentke (1998) ]. When untrained animals show a strong preference (e.g. significantly greater than 50%) for one context during pretest the apparatus is considered 'biased'. Alternatively, an 'unbiased' apparatus, which is generally preferred, is one in which no significant group preference for one context over the other exists during pretest. The biasedunbiased distinction is also used to assign drug-context pairing (Tzschentke, 2007) . An unbiased design is one in which subjects are randomly assigned to have the drug paired with one compartment or the other during conditioning without consideration of individual pretest preferences (Tzschentke, 2007) . In a biased design the drug is paired with either the initially preferred or nonpreferred compartment during conditioning (Shippenberg and Koob, 2002) .
During conditioning, the drug of interest (US) is repeatedly paired with one context (CS +) (typically the nonpreferred context in a biased design). Subjects also receive equal exposure to the other context (CS -) without the US. In the test phase, subjects are allowed free access to both contexts in the absence of the drug and a CPP occurs when the animal spends more time in the drug-paired context relative to pretest baseline or saline-paired context. The basic procedure is generally the same across most CPP studies; however, there is substantial variability in a number of methodological variables (Tzschentke, 1998 (Tzschentke, , 2007 Cunningham et al., 2011) .
Drug discrimination
Drug discrimination procedures provide a useful tool in assessing the abuse liability of novel compounds by assessing the relative similarity of interoceptive cues produced by different substances (Ator and Griffiths, 2003) . Drug discrimination procedures typically use the two-lever choice paradigm where subjects are differentially reinforced for responding on one lever (e.g. the left lever) following treatment of a training drug, whereas responses on second lever (e.g. the right lever) are not. During training, drug treatment sessions alternate with vehicle treatment sessions during which responses made Abuse liability of designer stimulants Watterson et al. 345 to the second lever are reinforced, but responses on the other (i.e. drug-paired) lever are not (Ator and Griffiths, 2003) . Correct responses made during drug and vehicle sessions are typically reinforced on a FR schedule, though other schedules have also been used (Colpaert et al., 1976; Young, 2001) . Drug discrimination performance relies on the subject's ability to distinguish between the interoceptive cues produced by the training drug versus vehicle (Young, 2001; Shippenberg and Koob, 2002) . Thus, interoceptive cues serve as discriminative stimuli that guide reinforced responding. The percent of responding on the drug-paired lever is the primary dependent measure. The number of responses on the drug lever (i.e. drug-appropriate responding) is divided by the total number of responses made on both levers and multiplied by 100 to yield the percent of drug lever responses (Young, 2001) . A stability criterion of at least 80% drug lever responding following training drug injections and at least 20% drug lever responding following vehicle injections is often used before the onset of generalization testing (Young, 2001 ).
Stimulus generalization tests are conducted to determine if the discriminative stimulus properties of the test drug substitutes for the drug used during training (i.e. the training drug generalizes to the test drug). These test sessions are generally interspersed among training sessions and reinforcement is provided on both levers according to the same schedule used during training. The distribution of responses across both levers is recorded and the percentage of (training) drug-appropriate responses is calculated as an index of the degree of generalization (Young, 2001; Shippenberg and Koob, 2002) . Complete stimulus generalization is said to occur when most of the responses (typically Z 80%) are made on the drug-appropriate lever. Partial generalization is said to have occurred if subjects produce 40-70% drugappropriate responses. Additional dependent measures obtained from test sessions are the number of animals that predominantly made drug-appropriate responses and the response rate (Young, 2001 ).
Neurochemical actions and abuse liability of designer stimulants
Before reviewing the potential abuse liability literature of novel designer stimulants, it is first important to define a few terms. Throughout the text, the terms 'compulsive use' and 'addiction' are based on accepted Diagnostic and Statistical Manual of Mental Disorders, 4th ed. (DSM-IV) criteria for substance dependence that include the emergence of withdrawal symptoms upon discontinuation of drug use, substance use taken over a longer period than intended, increased amount of time spent in activities necessary to obtain/use/recover from the substance, and social/occupational/recreational activities are given up or reduced because of substance use. We believe that these criteria are more akin to compulsive and chronic use as opposed to 'episodic' use. Furthermore, 'episodic' use we believe is more characteristic of substance abuse, as defined in the DSM-IV, as opposed to substance dependence.
Both piperazine-based and cathinone-based designer stimulants are designed to mimic the effects of traditional illicit stimulants such as cocaine or amphetamines. Because of this, comparison of their neurochemical and behavioral effects provides a logical starting point for evaluating relative abuse potential. Not surprisingly, like traditional illicit stimulants, designer stimulants primarily exert their behavioral and psychological effects by dynamically modulating monoamine transmission in the brain (Cozzi et al., 1999; Baumann et al., 2002 Baumann et al., , 2004 Baumann et al., , 2005 Baumann et al., , 2011 Nagai et al., 2007; Cameron et al., 2013; Cozzi et al., 2013; Simmler et al., 2013) . Generally, the relative abuse liability of amphetamine-type stimulants is highly correlated with the balance between increases in synaptic dopamine (DA) and serotonin (5-HT) induced by the drug Baumann, 2003, 2006; Wee et al., 2005) . That is, 5-HTergic drugs (e.g. MDMA) are generally more hallucinogenic and produce episodic patterns of abuse, whereas primarily DAergic drugs (e.g. cocaine, amphetamine, and methamphetamine) support more compulsive abuse patterns. Thus, drugs such as methamphetamine, amphetamine, and cocaine are considered highly addictive substances, whereas MDMA-like drugs are generally not considered addictive as consumption patterns are primarily episodic. However, while rare, researchers have shown that MDMA dependence is possible in subsets of users (Jansen, 1999; De La Garza et al., 2007) . Thus, MDMA-like drugs appear to possess a relatively lower abuse liability compared with other illicit stimulants, and the relative abuse liability of designer stimulants are likely to fall somewhere along this continuum. Given this understanding, it is important to discuss both the pharmacodynamic and behavioral effects of designer stimulants for a more complete understanding of abuse liability.
Piperazines

BZP and TFMPP
The two most studied piperazines are BZP and TFMPP. TFMPP acts both presynaptically and as a nonselective 5-HT receptor agonist (Schoeffter and Hoyer, 1989; Nikolova and Danchev, 2008) . In-vitro data has revealed that TFMPP acts as a substrate releaser at the serotonin transporter (SERT) (Baumann et al., 2004 . Consistent with these data, earlier work (Auerbach et al., 1990) showed that in diencephalon brain tissue TFMPP induced the release of 5-HT only, but was approximately three-fold less potent compared with MDMA and much less efficacious overall as higher doses were unable to match maximum MDMA-induced 5-HT release . These results extended previous work also revealing that TFMPP-induced endogenous release of 5-HT from brain tissue (Pettibone and Williams, 1984; Auerbach et al., 1990) .
For BZP, in-vitro studies have revealed that BZP acts as substrate releaser at the dopamine transporter (DAT) (Baumann et al., 2004 . However, the in-vitro release of DA was less potent compared with methamphetamine. Interestingly, in-vivo microdialysis data revealed BZP-induced elevations in extracellular DA in the nucleus accumbens, but also of 5-HT, despite the lack of in-vitro 5-HT release. Similar to methamphetamine, effects of BZP on DA were predominant .
Because BZP and TFMPP are often coadministered, typically in a BZP : TFMPP ratio ranging from 1 : 1 to 3 : 1 (Nikolova and Danchev, 2008) , their combination has also been assessed using microdialysis. At a low dose (3 mg/kg, intravenously), BZP/TFMPP increased extracellular DA and 5-HT in the nucleus accumbens in a qualitatively and quantitatively similar manner to low-dose MDMA (1 mg/kg, intravenously). However, at a high-dose (10 mg/kg. intravenously) increased extracellular DA was even greater than the sum total when BZP and TFMPP were assessed alone, suggesting that the combination of these drugs increases dialysate DA in a synergistic manner . These pharmacodynamic results corroborate reports (Nikolova and Danchev, 2008; Lin et al., 2009 Lin et al., , 2011 ) that BZP alone possesses subjective effects more similar to amphetamine, whereas the BZP/TFMPP combination has effects more closely resembling MDMA (Baumann et al., 2002 (Baumann et al., , 2004 . Furthermore, these pharmacodynamic data suggest that BZP would possess a relatively higher risk of addiction than TFMPP or a BZP : TFMPP combination.
BZP and TFMPP (doses of 0.01, 0.03, 0.1, and 1 mg/kg/ infusion for each drug) were tested for their ability to maintain IVSA on an FR10 reinforcement schedule in rhesus monkeys trained to self-administer cocaine (0.01 mg/kg/infusion) (Fantegrossi et al., 2005) . BZP maintained robust self-administration above vehicle at the three highest doses. Furthermore, responding maintained at the 0.1 and 1 mg/kg doses was similar to or higher than that recorded in baseline cocaine sessions for all subjects, and response rates remained elevated for several hours when saline was substituted for BZP. In contrast to BZP, TFMPP did not maintain selfadministration above vehicle at any of the doses tested. When combining BZP (0.01 or 0.03 mg/kg/infusion) and TFMPP (0.01, 0.03, or 0.1 mg/kg/infusion), self-administration rates decreased in a TFMPP dose-dependent manner and were lower compared with BZP alone, suggesting that TFMPP attenuated the reinforcing effects of BZP. In a separate study using rats (Brennan et al., 2007) , separate groups were initially trained in IVSA of either cocaine or BZP, using 2-h daily access sessions and an FR1 schedule. In cocaine trained rats (0.5 mg/kg/ infusion), BZP at doses of 0.125, 0.25, and 0.5 mg/kg/ infusion maintained and increased self-administration, but responding extinguished when saline was substituted. Furthermore, in drug-naive animals, rats learned to discriminate active versus inactive levers by day 10 of BZP self-administration with a starting dose of 0.5 mg/kg/ infusion and responding was maintained when doses as low as 0.125 were substituted. Together, the results of these studies reveal that BZP, but not TFMPP, can both maintain IVSA following cocaine self-administration and elicit self-administration without prior training (spontaneous acquisition).
In a counterbalanced, biased-design CPP procedure, BZP has also been shown to induce CPP in rats at doses of 1.25, 5, and 20 mg/kg (intraperitoneally) (Meririnne et al., 2006) . This effect was reversed by the DA D1 receptor antagonist SCH23390 and 5-HT3 receptor antagonist MDL72222, but not the D2 antagonist raclopride, indicating that BZP reward is partially mediated by dopaminergic and serotonergic mechanisms similar to cocaine, but not to amphetamines, where CPP can be blocked by both D1 and D2 antagonism (Tzschentke, 1998) .
In a drug discrimination study using adult rhesus monkeys (Fantegrossi et al., 2005) , BZP (1, 3, 10, 17, and 30 mg/kg, intragastric) produced dose-dependent increases in responding on a lever previously associated with amphetamine (1 mg/kg). Full substitution for amphetamine was reached for two male monkeys at a dose of 17 mg/kg and at a 30 mg/kg BZP dose for one female monkey (Fantegrossi et al., 2005) . The full substitution of BZP for amphetamine indicated that these two drugs possess similar interoceptive effects, suggesting a similar level of abuse liability. However, in this same study, TFMPP did not elicit amphetamine-like responding at any dose tested (1, 3, 10, 17, and 30 mg/kg, intragastric), likely reflecting its primary effects on serotonin systems. Together, both the IVSA and drug discrimination data show that BZP possesses stimulant-like effects that resemble amphetamine and reinforcing effects similar to cocaine. However, TFMPP did not substitute for amphetamine, was not readily selfadministered, and decreased cocaine and BZP self-administration, suggesting that TFMPP has a relatively lower abuse liability compared with BZP, amphetamine, and cocaine.
In a separate drug discrimination study, mice were initially trained to discriminate either S(+)-MDMA or R(-)-MDMA (1.5 mg/kg, intraperitoneally) from saline (Yarosh et al., 2007) . Following stable responding, BZP, TFMPP, and mCPP were tested and all dose dependently and fully substituted for the stimulant-like S(+)-enantiomer of MDMA at doses of 30, 10, and 3 mg/kg, respectively. Interestingly, none of these drugs substituted for the hallucinogenic R(-)-enantiomer of MDMA Abuse liability of designer stimulants Watterson et al. 347 and total suppression of responding occurred at 30 mg/kg BZP, 3 mg/kg TFMPP, and 3 mg/kg mCPP.
mCPP, MeOPP, and MDPB
In addition to its actions as a 5-HT receptor agonist, invitro assays have revealed that mCPP blocks 5-HT reuptake (Pettibone and Williams, 1984; Wolf and Kuhn, 1991) . In-vivo microdialysis studies have shown that mCPP increases extracellular 5-HT in the diencephalon and hippocampus of rats by reversal of SERT, as 5-HT uptake blockers such as fluoxetine and citalopram both attenuate these effects (Baumann et al., 1993; Eriksson et al., 1999) . mCPP also increases extracellular DA, but to a lesser extent than 5-HT (Eriksson et al., 1999) . Thus, mCPP is somewhat similar to MDMA; however, unlike MDMA, it does not induce 5-HT vesicular release. Thus, mCPP only increases cytoplasmic 5-HT (Baumann and Ayestas, 2001 ) and does not lead to long-term 5-HT depletion as typically seen with MDMA. Less is known about the pharmacodynamic effects of MeOPP; however, it has relatively high monoamine reuptake and releasing activity in rat brain synaptosomes (Nagai et al., 2007) . It is typically used alone or in a 1 : 1 ratio with BZP and users report that subjective effects of MeOPP alone or when combined with BZP are similar to those of MDMA (Tancer and Johanson, 2001; Nikolova and Danchev, 2008) . Compared with BZP and TFMPP, relatively less pharmacodynamic and behavioral data exist regarding the piperazine derivatives MeOPP, and MDPB. To our knowledge, there have been no published reports that mCPP, MeOPP, or MDPB are readily self-administered, elicit CPP, or reduce ICSS thresholds.
Synthetic cathinones Mephedrone and methylone
Two of the most studied synthetic cathinones to date are mephedrone and methylone. For both drugs, in-vitro studies initially showed activity at monoamine transporters. However, because traditional uptake assays are unable to discriminate between blockers and releasers, the precise mechanism was unknown (Cozzi et al., 1999; Hadlock et al., 2011; López-Arnau et al., 2012; Martínez-Clemente et al., 2012; Simmler et al., 2013) . Recently it has been shown that mephedrone and methylone, like amphetamines, are monoamine substrate releasers (Baumann et al., 2011 (Baumann et al., , 2013b . In-vitro release data revealed preferential affinity for SERT, with the DAT: SERT ratios of mephedrone (2.41) and methylone (1.82) being more similar to MDMA (0.97) than methamphetamine (152.0). Using human DAT (hDAT) expressed in oocytes, mephedrone produces an inward current similar to methamphetamine, corroborating its effect as a DAT substrate releaser (Cameron et al., 2013) . Furthermore, studies have also revealed that both mephedrone and methylone increase extracellular DA and 5-HT in the nucleus accumbens, with preferential effects on 5-HT similar to MDMA (Baumann et al., 2011; Kehr et al., 2011) . Both methylone and mephedrone increase extracellular DA and 5-HT in a qualitatively similar manner to MDMA; however, methylone is slightly less potent than MDMA and about half as potent as mephedrone (Baumann et al., 2011) . Furthermore, MDMA is approximately twice as potent as mephedrone in terms of its ability to increase 5-HT release (Kehr et al., 2011) . Together, these results suggest that methylone and mephedrone are likely to have behavioral effects more similar to MDMA than to amphetamine and methamphetamine.
Mephedrone
To date, two published studies have used the IVSA paradigm to study the abuse liability of mephedrone (Hadlock et al., 2011; Aarde et al., 2013a) . In the study by Hadlock et al. (2011) , mephedrone was self-administered (0.24 mg per 10 ml infusion) significantly more than saline in rats in daily 4-h access sessions for 8 days. Furthermore, compared with the same dose of methamphetamine, mephedrone elicited greater responding.
Although this finding appears to suggest that mephedrone is more reinforcing than methamphetamine, comparisons of reinforcing effects are difficult to interpret without a wider dose range. This study was first to establish that mephedrone functioned as a reinforcer, but it did not establish clear dose-effect curves to determine the relative reinforcing effects of mephedrone compared with other known addictive stimulants. For instance, the dose of methamphetamine used is towards the upper end of the inverted U-shaped dose range typically found in IVSA studies. The dose of mephedrone, however, may be towards the lower end of this curve and thus requires higher response rates for a similar level of reinforcement. More recently, it has been shown that mephedrone dose dependently supports IVSA at 0.5 and 1 mg/kg/infusion doses in 1-h daily access sessions in both Wistar and Sprague-Dawley rats (Aarde et al., 2013a) . The mephedrone dose of 0.5 mg/kg/infusion produced similar responding to methamphetamine at 0.05 mg/kg/infusion, showing that mephedrone is less potent than methamphetamine.
To our knowledge, only one published study has used an ICSS model to analyze the rewarding effects of mephedrone (Robinson et al., 2012) . Using male C57BL/6J mice, mephedrone and cocaine were compared using the curveshift ICSS method. The results revealed that both mephedrone and cocaine (matched doses of 1, 3, and 10 mg/kg, intraperitoneally) produced similar dose-dependent leftward shifts in rate-frequency curves and were very similar in their effects for M50 (half-maximal responding) and brain stimulation reward thresholds. However, during the initial 15 min following injections, only the 10 mg/kg cocaine dose caused a leftward shift in rate frequency and lowered the rate-frequency supported half-maximal responding. Relative to vehicle, mephedrone (10 mg/kg) produced a leftward shift in rate-frequency curves similar to cocaine (10 mg/kg), but only after the first 15 min following injections. During the 16-30 min time period, mephedrone and cocaine (at matched doses of 3 and 10 mg/kg) caused similar significant reductions for M50. It is well known that drug properties such as liquid solubility, route of administration, first-pass metabolism, and other factors can affect the rate of drug absorption and bioavailability and that these effects are positively correlated with increased abuse liability (Farre and Cami, 1991) . Thus, while these results indicate that mephedrone and cocaine possess a similar capacity to engage reward systems, the delayed effects of mephedrone versus cocaine likely reflects differential pharmacokinetics and suggests a relatively lower abuse liability compared with cocaine.
Using CPP procedures, researchers have shown that mephedrone has appetitive conditioning effects (Lisek et al., 2012) . Rats receiving either 3, 10, or 30 mg/kg (intraperitoneally) in four conditioning trials and mice receiving 30 mg/kg (intraperitoneally) in six conditioning trials were tested. Both rats and mice displayed CPP for all doses tested. These effects were similar to previously reported CPP for cocaine, amphetamine, and methamphetamine under similar conditions (Tzschentke, 1998; Leri and Franklin, 2000) . However, these doses are much higher than those that elicit CPP for cocaine and amphetamines (Tzschentke, 1998; Cunningham and Noble, 2006; Sanchis-Segura and Spanagel, 2006) .
In a recently published drug discrimination study, rats were initially trained to discriminate between mephedrone (3.2 mg/kg, intraperitoneally) and saline on a FR20 schedule to a criterion of 90% drug-appropriate responding (Varner et al., 2013) . Following training, test sessions with varying doses of mephedrone, cocaine, MDMA, methamphetamine, fenfluramine, morphine, and PCP were conducted. Of the psychostimulants tested, all produced dose-dependent mephedrone responding. However, only mephedrone and MDMA (both 3.2 mg/kg) produced full substitution for mephedrone. Both cocaine (18 mg/kg) and methamphetamine (1 mg/kg) produced 76 and 73% mephedrone responding, respectively, but they did not count as full substitution (Z 80% mephedrone responding). Of the other nonstimulant drugs, only fenfluramine (1-3.2 mg/kg) produced roughly 50% mephedrone responding while neither morphine nor PCP produced greater than 50% mephedrone responding. These results suggest that mephedrone produces interoceptive effects most resembling MDMA, but with some similarity to cocaine and methamphetamine, corroborating user reports of similar subjective effects (Motbey et al., 2012) .
Methylone
Thus far, only one study has used the IVSA paradigm to assess the abuse liability of methylone (Watterson et al., 2012) . In this study, rats were allowed to spontaneously acquire methylone at doses of 0.05, 0.1, 0.2, and 0.5 mg/kg in 2-h daily access sessions for 21 days. Methylone functioned as a reinforcer as animals in each of the dose groups successfully learned to discriminate between active and inactive levers. Responding during PR sessions revealed a positive relationship between methylone dose and breakpoints observed. Furthermore, responding for methylone during PR schedules led to higher breakpoints than those previously reported for MDMA (Schenk et al., 2007) , suggesting that methylone has greater reinforcer efficacy than MDMA. However, when these rats were placed in daily extended access procedures (6 h/day) for 10 days, none of the dose groups displayed escalated drug intake across sessions, which is in contrast to escalation typically found in illicit stimulants such as cocaine and methamphetamine. Together, this study revealed more robust self-administration compared with published MDMA studies, but the lack of escalation suggests a relatively lower potential for high level use compared with cocaine and methamphetamine (Watterson et al., 2012) .
In this same study, using the discrete-trial current threshold ICSS procedure, methylone was unable to significantly lower ICSS thresholds, although a trend (P < 0.09) was observed. However, the most robust threshold reduction (13% below baseline vehicle) occurred for the 10 mg/kg dose which was smaller than the lowest dose of MDPV (16%) under identical procedures (Watterson et al., 2013) . Furthermore, these ICSS threshold reductions were similar, but less robust than those previously reported for MDMA (Hubner et al., 1988; Lin et al., 1997) . Thus, while the self-administration data suggests more robust reinforcing effects of methylone, the ability of methylone to affect brain stimulation reward were similar when compared with MDMA.
Other studies have revealed that methylone possesses appetitive conditioned effects in CPP procedures (Miyazawa et al., 2011) . Using a counterbalanced, biased design, mice received injections of 1, 2.5, and 5 mg/kg (intraperitoneally) for all conditioning trials. The results revealed dose-dependent CPP effects, with the 2.5 and 5 mg/kg doses producing significantly greater effects relative to vehicle. In comparison, MDMA elicits CPP at doses of 9-10 mg/kg in mice (Salzmann et al., 2003; Robledo et al., 2004) , and in rats at doses as low as 1.5 mg/kg (Bilsky et al., 1990 Schechter, 1991) . Together, these data suggest that methylone has more potent conditioning effects than MDMA.
In a drug discrimination study investigating several cathinone analogues (Dal Cason et al., 1997) , rats were initially trained to discriminate amphetamine, MDMA, or the serotonergic hallucinogen 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane (DOM) from vehicle. Methylone dose dependently and fully substituted for Abuse liability of designer stimulants Watterson et al. 349 amphetamine at the 3 mg/kg (intraperitoneally) dose. In DOM-trained rats (1 mg/kg intraperitoneally) methylone did not elicit DOM-like responding at any dose tested (1, 1.5, or 2 mg/kg, intraperitoneally). However, in MDMA-trained (1.5 mg/kg intraperitoneally) animals, methylone did dose dependently elicit MDMA-like responding, reaching full substitution at the 2 mg/kg intraperitoneal dose. Together, these effects corroborate the results from other in-vitro and in-vivo studies showing that methylone possesses effects similar to MDMA and amphetamine.
MDPV
In contrast to mephedrone and methylone, in-vitro data have revealed that MDPV is a selective catecholamine transporter inhibitor, similar to its parent drug pyrovalerone and cocaine (Meltzer et al., 2006) , and is B50 times more potent than cocaine at DAT and 10 times more potent at NET (Simmler et al., 2013; Baumann et al., 2013a) . MDPV has very weak effects at SERT, and when compared with other illicit stimulants such as cocaine, amphetamine, and methamphetamine, is significantly more potent in its inhibition of DAT. Furthermore, in-vivo microdialysis data have revealed that MDPV-induced elevations in extracellular DA in the nucleus accumbens are at least 10 times higher than those observed after cocaine. Furthermore, while dialysate DA returned to baseline B40 min after cocaine injections, DA remained elevated after MDPV for greater than 60 min (Baumann et al., 2013a) . In a separate study using hDAT expressed in oocytes, MDPV induced an outward current similar to, but much more potent and longer lasting than cocaine, corroborating its effects as a DAT blocker (Cameron et al., 2013) . Together these data suggest that behavioral effects of MDPV are likely to be similar to highly addictive stimulants such as cocaine and methamphetamine, and similarly, to have an extremely high potential for abuse/addiction. To date, two published studies have used the IVSA paradigm to assess MDPV (Watterson et al., 2013; Aarde et al., 2013b) . In the first, rats were initially allowed to self-administer MDPV at doses of 0.05, 0.1, and 0.2 mg/kg/ infusion in 2-h daily access sessions (FR1) for 10 days (Watterson et al., 2013) . Next, rats were placed into PR tests to assess dose-dependent effects of reinforcing efficacy. Following PR tests, dose groups were split such that half the animals were placed in 6-h long-access (LgA) sessions, whereas the other half remained in 2-h short access (ShA) sessions for 10 additional days. This study also used a methamphetamine positive control in the PR and LgA tests (0.05 mg/kg/infusion) to assess for abuse potential relative to a known addictive stimulant. Rats successfully discriminated between active and inactive levers at each dose by day 5 of IVSA procedures, indicating that MDPV is a reinforcer. Furthermore, a dose-dependent relationship was revealed for both active lever presses and infusions which was very similar to previously published methamphetamine effects under identical conditions (Gass et al., 2008) . The PR tests also revealed dose-dependent differences in reinforcer efficacy as assessed by PR breakpoints; at the 0.05 mg/kg/ infusion dose, breakpoints were nearly identical to the methamphetamine positive control (0.05 mg/kg/ infusion). Furthermore, breakpoints at the 0.1 and 0.2 mg/kg/infusion doses were also similar to previously published results for methamphetamine and D-amphetamine under identical procedures (Richardson and Roberts, 1996; Gass et al., 2008) . Finally, under extended access procedures, both the 0.1 and 0.2 mg/kg/infusion doses lead to escalated MDPV intake across experimental sessions, similar to previously published results for methamphetamine and cocaine (Ahmed and Koob, 1998; Ahmed, 2012) .
In the IVSA experiments by Aarde et al. (2013b) , across ten 1-h IVSA acquisition sessions conducted with an FR5 schedule of reinforcement, male Wistar rats robustly selfadministered both MDPV (0.05 mg/kg/infusion) and methamphetamine (0.05 mg/kg/infusion), with MDPV supporting a higher infusion rate compared with methamphetamine. Following this acquisition phase, to assess dose-response curves, doses of 0.01, 0.05, 0.1, and 0.5 mg/kg/ infusion of MDPV and methamphetamine were then substituted in a block-randomized design with four sessions per block and each block assessing one of the four doses. For both MDPV and methamphetamine, orderly dose-response rates were observed and increases in the per-infusion dose corresponded with increases in post-reinforcement pauses and decreases in infusion rate. Following FR5 dose-response testing, rats were also assessed for dose-response testing in PR sessions utilizing the same doses block-randomized design. In PR tests, increases in the per-infusion dose led to increases in the percentage of responses on the drugpaired lever as well as increases in the postreinforcement pause. Under both PR and FR dose-response tests, responding for MDPV was greater than that for methamphetamine at matched doses, suggesting that MDPV has greater reinforcing effects than methamphetamine. These findings are in contrast to the results of Watterson et al. (2013) , who showed similar responding for MDPV and methamphetamine under PR tests and during extended access sessions on an FR1 schedule. Thus, these results suggest that MDPV possesses greater reinforcing effects and possibly higher abuse liability compared with methamphetamine.
MDPV has also been studied for its threshold-lowering effects in a discrete-trials current threshold ICSS procedure (Watterson et al., 2013) . At all doses tested (0.1, 0.5, 1, and 2 mg/kg, intraperitoneally), MDPV produced significant dose-dependent reductions in ICSS thresholds relative to vehicle. Although this study did not directly compare these results to other prototypic stimulants, the results resemble discrete-trials patterns of current threshold responses previously published for methamphetamine (Vlachou and Markou, 2011) . These results indicate that, in addition to possessing reinforcing effects, MDPV engages the mesolimbic reward circuitry and possesses hedonic/rewarding effects, similar to known addictive stimulants.
In a recent drug discrimination study (Fantegrossi et al., 2013) , mice were initially trained to discriminate MDPV (0.3 mg/kg, intraperitoneally) from saline in daily 30-min FR10 sessions. Following stable baseline responding, substitution tests revealed that MDPV, methamphetamine, and MDMA all dose dependently and fully generalized to the MDPV training dose and that the ED 50 values for MDPV and methamphetamine were nearly identical. Unexpectedly, the ED 50 for MDMA was similar to those of methamphetamine and MDPV. This finding suggests similar interoceptive effects between these three drugs, and is surprising given that both MDPV and methamphetamine, compared with MDMA, possess more robust reinforcing (i.e. more robust selfadministration) and hedonic effects (i.e. more robust ICSS threshold reductions) (Watterson et al., 2013) . Furthermore, MDPV is a cocaine-like DAT inhibitor with little activity at SERT, whereas MDMA is a potent 5-HT substrate releaser. However, methamphetamine (5-HT substrate releaser) and cocaine (DAT inhibitor) have been shown to substitute for one another, as do cocaine and MDMA. Together, the results of this study suggest that MDPV possesses similar interoceptive effects to methamphetamine and MDMA in mice and therefore likely has similar subjective effects in humans.
To our knowledge, there are currently no published studies showing that MDPV can elicit a CPP. However, given its robust effects in IVSA, ICSS, and drug discrimination, it is likely that MDPV would possess appetitive conditioned effects.
Conclusion, implications for drug policy, and future directions
Although users report many reasons for using designer stimulants, perceived safety of these drugs relative to illicit drugs is often reported (Ramsey et al., 2010; Yeap et al., 2010; Arbo et al., 2012; Rosenbaum et al., 2012) . However, in addition to the numerous reports of toxicity and death (Spiller et al., 2011; Rosenbaum et al., 2012) , animal abuse liability studies also suggest that designer stimulants can possess a similar potential for abuse and addiction compared with the illicit stimulants they are designed to mimic.
For the piperazines, BZP is readily self-administered by both monkeys and rats, and yields response patterns similar to that of cocaine (Fantegrossi et al., 2005; Brennan et al., 2007) . Furthermore, BZP substitutes for amphetamine and (S +)-MDMA in drug discrimination tests (Yarosh et al., 2007) . In contrast, TFMPP does not support self-administration or substitute for amphetamine (Fantegrossi et al., 2005) , but does substitute for (S +)-MDMA (Yarosh et al., 2007) . Together, BZP studies indicate stimulant effects similar to cocaine and amphetamines, whereas TFMPP more closely resembles MDMA. Thus, BZP likely poses a significant risk for compulsive use, whereas TFMPP likely does not. Relatively less is known of the other piperazine-based stimulants mCPP, MeOPP, MBDB, and more abuse liability research is needed before definitive predictions about these drugs can be made. However, the in-vitro and in-vivo studies would suggest that both mCPP and MeOPP would likely resemble MDMA in their behavioral effects (Nagai et al., 2007) .
For the synthetic cathinones, MDPV is robustly selfadministered and significantly decreases ICSS levels (Watterson et al., 2013; Aarde et al., 2013b) , and both methamphetamine and MDMA fully substitute for MDPV in drug discrimination tests (Fantegrossi et al., 2013) . In-vitro and in-vivo studies reveal that MDPV acts similarly to cocaine as a DAT blocker, but is B10-50 times more potent and leads to longer lasting elevations in extracellular DA (Cameron et al., 2013; Baumann et al., 2013a) . Although a first glance at these results might suggest a greater abuse liability of MDPV compared with cocaine, the evidence also shows that drugs with a relatively faster rate of elimination generally support higher rates of self-administration and lead to the earlier emergence of withdrawal symptoms (Farre and Cami, 1991) . In both self-administration and drug discrimination tests, behavioral effects of MDPV were nearly identical to those of matched doses of methamphetamine, suggesting equipotency of these drugs. Furthermore, like cocaine, amphetamine, and methamphetamine, MDPV leads to escalated drug intake in extended access sessions (Watterson et al., 2013) . Thus, these results suggest that MDPV possesses a similar and potentially greater addiction liability than other illicit stimulants such as cocaine and methamphetamine.
Mephedrone and methylone both possess neurochemical properties more similar to MDMA than to amphetamine, methamphetamine, or cocaine (Baumann et al., 2011) . However, unlike MDMA, which generally only supports weak self-administration and typically only in a subset of animals (Schenk et al., 2003) , both methylone and mephedrone are robustly self-administered in rats (Hadlock et al., 2011; Watterson et al., 2012; Aarde et al., 2013a) . However, while this has not been assessed for mephedrone, methylone does not lead to escalated drug intake in extended access sessions, suggesting a lower potential for compulsive use compared with cocaine, amphetamine, and methamphetamine (Watterson et al., 2012) . Like MDMA, both mephedrone (Robinson et al., 2012) and methylone (Watterson et al., 2012) dose dependently reduce ICSS thresholds and elicit CPP (Miyazawa et al., 2011; Lisek et al., 2012) , indicating that these drugs do have hedonic effects. Thus, of these three synthetic cathinones, MDPV likely possesses the greatest potential Abuse liability of designer stimulants Watterson et al. 351 for compulsive use. The studies on mephedrone and methylone suggest a slightly greater risk of compulsive abuse than MDMA, but consumption patterns are predicted to be much more episodic than compulsive, unlike other prototypical stimulants.
Given that the piperazines or synthetic cathinones reviewed here appear to possess a relative abuse liability that is similar in nature to the schedule I illicit drugs they are designed to mimic, and that there are no established medical uses of these substances, it is apparent that these drugs and continually emerging analogues should also likely be categorized as schedule I controlled substances. One exception to this could be TFMPP, which on the basis of the animal studies reviewed here, does not appear to possess a high degree of abuse liability. Despite the lack of evidence for abuse revealed in animal studies, TFMPP is currently classified as a schedule I substance in the USA. However, the USDEA also uses data from human studies in determining classification, and human self-report data reveal that TFMPP does possess subjective effects similar to D-amphetamine and increases ratings of 'drug-liking' and 'high' (Jan et al., 2010) . Thus, the schedule I status of TFMPP is likely attributable to data gathered from human studies.
Although these initial studies represent a significant first step in abuse/addiction liability evaluation, new designer drugs continue to appear on already flooded drug markets. For example, following the bans on mephedrone, methylone and MDPV, the DEA soon afterward reported the emergence of second generation replacements in a published request for new information (Drug Enforcement Administration, United States Department of Justice, 2013). Thus, while future research should continue to assess newer analogues as they appear, this research is also relatively slow to keep pace with the ever-changing designer drug market. Thus, additional future research should also focus on educating the public about the dangers of 'legal highs' to prevent designer stimulant use. In addition, the exponential growth of different analogues also suggests that other methods with higher throughput capability for assessing abuse liability, such as the development of computer models or predictive in-vitro systems (such as DAT: 5-HT ratio) should be investigated.
